INTRODUCTION
The island of Bequia lies in the southern section of the Lesser Antillean arc (Fig. 1) , which formed along the eastern edge of the Caribbean Plate as a result of subduction of Jurassic to Cretaceous Atlantic Ocean lithosphere. The arc may be divided into preMiocene, Miocene and post-Miocene phases which are superimposed in the section of the arc south of Dominica.
Geologically, Bequia comprises mainly heterolithic debris flows, and other mass movement deposits, together with fluvial feldspathic sandstones, all of volcanogenic origin. The epiclastic sequences commonly contain coarse-grained plutonic blocks, composed mainly of plagioclase and amphibole. They are interbedded with mafic lavas and are cut by a few dykes trending mainly to the northwest. A few outcrops of monolithological ash flow, avalanche or crumble breccia deposits occur along the north coast. The sequence of coarse epiclastics, pyroclastics and lavas is interpreted as the proximal facies of the volcaniclastic apron developed on a marine stratovolcano (Cas & Wright, 1987) . The lavas and dykes described here were erupted or emplaced during the Pliocene (5-0-3-5 Ma) (Briden et al., 1979) . The sequence has been divided ( Fig. 1) into the Southern Peninsular (~4-5 Ma), the Northern Peninsular (~4-5-3-5 Ma) and the Mount Pleasant (~50 Ma) formations (Westercamp et al., 1985) .
The purpose of this study is to describe the petrography, Sr, Nd, Pb and O isotopic composition, and the major and trace element geochemistry of the lavas and dykes, and to use these data to assess their petrogenesis. Particular attention is paid to the role of incorporation of subducted sediments vs crustal contamination in the evolution of these lavas [see Davidson, (1985 Davidson, ( , 1987 , White & Dupre (1986) and Davidson et al. (1993) ].
PETROGRAPHY
The majority of the lavas and dykes exposed on Bequia are plagioclase-olivine-clinopyroxenemagnetite-phyric basalts, and occur with minor clinopyroxene-orthopyroxene-plagioclase-magnetitephyric andesites. One andesite sample (BQ20) contains amphibole phenocrysts (Table 1) . The lavas and dykes typically contain between 30% and 75% phenocrysts dominated by oscillatory-zoned calcic plagioclase (~An 60 _ B0 ). The feldspar phenocrysts commonly show a narrow spongy zone near their margins, which is indicative of partial dissolution (melt channels). The clinopyroxene phenocrysts are also prominently zoned. Intratelluric magnetite is more abundant in the andesites than in the basalts (Table 1 ). The groundmass comprises intergranular to intersertal, random to pilotaxitic, intergrowths of plagioclase laths, pyroxene prisms and grains, opaque mineral grains and plates, and minor glass. Sample BQ_19 contains small irregular crystals of phlogopite and unaltered brown hornblende intergrown with the groundmass. Sample BQ2 also contains small irregular crystals of groundmass amphibole.
A limited amount of post-magmatic alteration has affected some of the samples. All of the olivine phenocrysts present in these lavas are partially to Minerals: ol, olivine; cpx, clinopyroxene; opx, orthopyroxene; pi, plagioclase; amph, amphibole; mt magnetite. Alteration: p.i., partial iddingsitization; c.i., complete iddingsitization; s., saussuritization; op, opacite.
completely replaced by iddingsite. Orthopyroxene phenocrysts occur only in samples BO_18 and BQ20 (Table 1) , and are oxidized around their margins and along fractures. The amphibole phenocrysts in BQ20 (Table 1) are partially rimmed by opacite. In BO_7 the interstitial glass is partially replaced by fine-grained aggregates of chloritic minerals.
The plutonic blocks that commonly occur in the epiclastic rocks are made up mainly of cumulus crystals of relatively unzoned plagioclase ( clinopyroxene and olivine, and intercumulus and cumulus greenish brown hornblende and opaques (Table 1) .
Petrographically, all of the lavas appear to belong to one sequence of basalts and andesites. The phenocryst assemblages of the basalts and andesites, and the cumulate mineralogy of the plutonic blocks, are typical of those forming below the solidus from hydrous tholeiitic and andesitic magmas at pressures below ~3 kbar and at temperatures between 1200°1 VOLUME 37 NUMBER 1 FEBRUARY 1996 and 900°C (Green, 1982, figs 6 and 7) . This suggests that the lava sequence was formed by fractional crystallization. However, the oscillatory zoning and the presence of melt channels in the plagioclase phenocrysts, and the zoning in the clinopyroxenes, suggest that the crystallization process was complex.
ANALYTICAL METHODS
The major elements, and most of the trace elements, were determined by X-ray fluorescence techniques on fused glass discs and pressed powder pellets, respectively. Major element compositions on most samples were determined at Windsor using a PW1410 Philips X-Ray Spectrometer. (Table 2) .
Sr, Nd and Pb were separated for isotopic analysis using conventional ion exchange techniques following dissolution in FEP beakers (Sr) or Savilex capsules (Nd and Pb). Some Sr and Pb samples, indicated in Table 3 , were leached for 1 h in hot 6 M HC1, and rinsed several times with pure water, before dissolution. Sr and Nd were analysed using techniques reported by Thirlwall (1991a, 19916) (Table  3) . Pb was loaded with silica gel and H 3 PO 4 , on single Re filaments, and analysed in static mode on the Royal Holloway five-collector VG354 mass spectrometer. Within-run errors are better than 0013%/amu (2 SE), and reproducibility is better than 0-4%/amu.
Rare earth elements (REE ; Table 4 ) and uranium (Table 2) were determined by isotope dilution using the technique of Thirlwall (1982) modified for the Royal Holloway five-collector VG354 mass spectrometer. Errors on isotope dilution determinations are <1% (2 SD).
Oxygen isotope ratios (Table 3) were determined on carefully hand-picked phenocrysts of augite and olivine. Between 1 and 2 mg of mineral separate were analysed using the Royal Holloway laser fluorination system and VG Prism mass spectrometer [details have been given by Mattey & Macpherson (1993) 1. Oxygen yields were, within error, 100%, and <5
8 O was standardized to NBS30 biotite at 515%o. Reproducibility is around ±01%o (2 SD).
ISOTOPIC DATA
Isotopic systematics are used to divide the Bequia lavas and dykes into two suites (Table 3 Table  3 ). The tholeiitic rocks of neighbouring St Vincent are petrographically and chemically similar to the IHS basalts. Regression lines based on the Bequia data are collinear with the elongate fields defined by the St Vincent data (White & Dupre, 1986 ; M. F. Thirlwall, unpublished data) on Pb-Pb diagrams (Fig. 3) . The data from the IHS also overlap with the St Vincent fields on Sr-Nd, Pb-Sr and Pb-Nd isotope plots (Figs 2 and 4). These factors suggest the two suites were derived from similar sources and have similar evolutionary histories.
The linear array defined by the combined IHS and St Vincent data on the 206 Pb/ 204 Pb vs 207 Pb/ 204 Pb isotope diagram is displaced upwards from, and slopes more steeply than, the MORB trend (Fig. 3) . On 206 Pb/ 2d4 Pb vs 208 Pb/ 2M Pb diagrams the combined data lie within the MORB field but define a linear trend which is steeper than that of MORB. In addition, the linear trends of the combined Pb data extrapolate into the fields defined by sediments from DSDP Hole 543 (Fig. 3) , which are considered to be representative of those currently being subducted beneath the arc (White & Dupre, 1986) .
In 0-51226, respectively, and define a near-linear trend which extrapolates to intersect the IHS field at 87 Sr/ 86 Sr ~0-7040 and 143 Nd/ 144 Nd ~0-51295. A similarly wide range of ratios is observed on the islands of Martinique (Davidson, 1983 (Davidson, , 1986 and St Lucia (Davidson, 1985 (Davidson, , 1987 White & Dupre, 1986) but is not found on the large islands to the immediate north (St Vincent) or south (Grenada) of Bequia (Thirlwall & Graham, 1984; White & Dupre, 1986; M. F. Thirlwall, unpublished data (Fig-3 ).
The measured (5 18 O%o SMOW values of the olivine and clinopyroxene phenocrysts from the Bequia lavas vary from +5-21 to +5-64 in the IHS, and from +582 to +762 in the IDS (Table 3) . Kalamarides' (1986) equations show that the differences between the 5 O values for olivine and clinopyroxene crystallizing from a basaltic melt should bẽ 0-4, but in the Bequia samples the differences range from 016 to 076 (Table 3) . The clinopyroxenes show no sign of alteration but many of the olivines show partial or complete iddingsitization in thin section. This large range of differences between the olivine and clinopyroxene values suggests that the apparently fresh olivine crystals, hand picked for analysis, had been subjected to incipient alteration which also affected their 5 O values. The oxygen data derived from the olivines are therefore not (Davidson & Harmon, 1989) . James (1981) suggested that it may be possible to distinguish between crustal and mantle contamination using 18 O/ I6 O ratios but others maintain that it is not (Vroon et al., 1993) . None the less, the Bequia lava <5
18 O values do fall into two separate groups. The relatively low <5
18
O values (<5-7) of the fresh hand-picked clinopyroxenes from the IHS are virtually indistinguishable from those determined on clinopyroxenes from 70 varied mantle peridotites [Mattey et al. (1994) ; see also James (1981) and Kyser (1990) ]. We suggest that this indicates that Tables 6 and 7 for details). Symbols as in Fig. 2 (Hart, 1984) because it does not intersect the sediment field (Fig. 3) . The high Pb isotope ratios, and the very high <5" O values (up to + 7-62), which are typical of the IDS, suggest that a crustal component was important in its petrogenesis (James, 1981; Kyser, 1990; Thirlwall et al., 1995) . Similar trends recognized in lavas in Martinique are interpreted as resulting from mixing of Mesozoic arc crust, as represented by the Gros Islet garnet-bearing dacite ( 20(i Pb/ 204 Pb = 19-915), with melts derived from a subduction-modified depleted mantle (Davidson & Harmon, 1989) . However, the most extreme isotopic composition on Bequia (BQJ9 206 Pb/ 204 Pb = 20-157) implies that the crustal component must have an even higher radiogenic Pb ratio. Such a high Pb/ Pb ratio is consistent with a Precambrian origin for the crustal component. The S O values covary systematically with the radiogenic isotope ratios (Table 3 , Fig, 2 ) and are interpreted as resulting from progessively increasing amounts of assimilation of crustal material by the IHS melts. Detailed models of the genesis of the two suites, which utilize chemical as well as isotopic constraints, are discussed below.
GEOCHEMISTRY AND PETROGENESIS
The chemical compositions of the lavas confirm their subdivision, using isotopic data, into the IHS and the IDS, and may also be utilized with the isotopic data to further sub-divide the IDS. (Fig. 5) . The isotopic ratios of the IDSb samples differ from those of the IDSa in being relatively constant over the full range of MgO (and SiO 2 ) contents in the suite. They are also systematically higher (Sr, Pb, O), or lower (Nd), than those of the IHS (Table 3, Fig. 5 ).
In spite of the isotopic differences among the suites, the petrographic data cited above suggest that the St Vincent tholeiites and all of the Bequia lavas formed by relatively low-pressure fractional crystallization of hydrous magmas. This conclusion is supported by the observations that all of the IHS and IDS lavas have high alumina (Al 2 O3>16-7 wt%), and low MgO (<80 wt%), Ni (<67 p.p.m) and Cr (< 148 p.p.m.) contents (Table 2) , and could not have been in equilibrium with the mantle. The nearly constant isotopic ratios over the complete range of MgO (and SiO 2 ) contents in the IHS suggest that the fractional crystallization may have occurred in a closed system. However, it is also possible that open system assimilation-fractional crystallization (AFC), in which the magma and assimilant had similar isotopic characteristics, occurred (Hildreth & Moorbath, 1988) . The sys- (Hanson & Langmuir, 1978, figs 4 and 5) . We have recently partially analysed a lava from Bequia containing ~ 11 0% MgO. Thus the parental magmas of the St Vincent tholeiites, and of the IHS which were isotopically and petrographically similar, probably contained >12% MgO. The trends defined by the IHS and the IDSa on the isotope VOLUME 37 NUMBER 1 FEBRUARY 1996 Figs 2 and 4) , which is consistent with the isotopic ratios and trace element ratios and concentrations of the IHS, has been developed using these calculations together with additional constraints described in the text as guides to the isotopic ratios and elemental concentrations of the two mixing components. • Data from White & Dupre (1986) except mantle Nd content (Davidson, 1986) . tThese 20 *Pb/ 2O *Pb values are too low to provide a suitable mixing component tSubduction component-SC. iThe model melt is based on the addition of 3% of the subduction component to the mantle source, followed by 10% partial melting of modified mantle and 30%fractional crystallization assuming Sr, Nd and Pb are incompatible with the mantle minerals and crystallizing minerals. 18 O values were calculated using the method of fig. 2 ). The model melt is very similar in composition to BQ19 at 55% AFC (see ABQ19-model melt) and the fit for smaller amounts of AFC is also good (see Figs 2,4 and 11). The I DSb samples lie off the curves plotted in Rg. 11 because of their continued crystallization when there is no isotopic evidence for further AFC. ratio vs MgO diagrams (Fig. 5) can be extrapolated to intersect at -12% MgO, ^Sr/^Sr ~0-704 and 143. Nd/ Nd ~0-5130. These intercepts are similar to those which are defined on the isotopic diagrams ( Fig. 2) and provide further support for the suggestion that the IHS and IDS evolved from similar (highly magnesian) subduction-modified mantle melts which interacted to a greater or lesser degree with crustal material. The major and trace element chemistry of the IHS and IDS is described below and is also consistent with these conclusions.
Major and trace element chemistry
The distribution of KQO, Rb and Ba in the lavas is somewhat irregular and may imply that some of the rocks have undergone chemical as well as mineralogical alteration (Table 2 ). For example, BQ4 (IHS) and BQMFT4 (IDS), both of which have glassy matrices, have the highest K/Rb ratios and low K 2 O, Rb and Ba contents. BQJ6 (IHS) and BQ_7 (IDS) also have atypically high K/Rb ratios and low Rb contents ( Table 2 ). The four samples plot in a field below the trends defined by the remaining samples on the MgO vs K2O diagram (Fig. 6, Table 2 ). K, Rb and Ba are commonly considered to be relatively mobile elements and their original concentrations may have been changed in these four samples during alteration. The samples are excluded from further discussion of these elements.
Sample BQJ is assigned to the IHS on the basis of its isotopic ratios. Its major element chemistry and the majority of its trace element contents are consistent with this assignment (Figs 6 and 7) . It also shows the same general patterns of enrichment and depletion of the incompatible elements, relative to chondrite, as the remaining samples in the suite (Fig.  8) . However, it has unusually high La, U, K, P and Sr contents (Table 2 ). In addition, it has an exceptionally high Nb content, which gives the sample a very low Zr/Nb ratio, as compared with all other IHS samples (Table 2 ). These high concentrations of incompatible elements, in a rock having the IHS isotopic signature, suggest that BQ_1 was formed by a smaller degree of partial melting than the remainder of the suite. There are no obvious differences in the distributions of SiO 2 , CaO, Na 2 O and P2O5 between the IHS and the IDS. The concentrations of SiO 2) Na 2 O and P2O5 increase systematically, and CaO decreases systematically, with decreasing MgO contents. The SiO 2 and CaO trends are both characterized by an inflection at ~30% MgO. In the IHS, TiO 2 , A1 2 O 3 and K 2 O contents increase systematically, and the EFe 2 O3 content decreases, with decreasing MgO (Table 2, Fig. 6 ). The K 2 O and A1 2 O3 contents are higher in the IDSa than in the IHS and increase relatively systematically with decreasing MgO content (Fig. 6) Fig. 6 ). The distribution of TiO 2 in the IDSa is similar to that of the IHS and increases systematically with decreasing MgO contents. In the IDSb the TiO 2 and A1 2 O 3 distributions decrease rapidly with decreasing MgO and cross those of the IHS and the IDSa (Fig. 6) .
In the IHS the Ni, Cr, and Sc contents decrease rapidly, and the V, Pb, Sr, Rb, Ba, Zr, Nb, Th, Y and die rare earth element (REE) contents increase systematically, with decreasing MgO (Tables 2 and  4 , Fig. 7 ). The concentrations of Ni, Cr and Sc are generally lower in the IDS as compared with those of the IHS. In addition, the V, Pb, Sr, Rb, Ba, Zr, Nb, Th, Y and REE contents are systematically higher in the IDSb, and higher still in IDSa, as compared with IHS ( Fig. 7, Table 2 ). Within each sub-suite, IDSa and IDSb, these elements follow the same general trends as they do in the IHS (Fig. 7 , Table 2 ).
The trace element similarities and differences among the lavas are well illustrated by chondritenormalized multi-element plots (Fig. 8) . In the IHS the LREE patterns are relatively flat, (La/Sm) CH varies from 1-09 in the least evolved basalt to 1-34 in an andesite, and their abundances vary from ~ 10 to 20 times chondrite. The high field strength elements (HFSE) and heavy REE (HREE) are also characterized by relatively flat chondrite-normalized patterns, and their abundances increase from ~6-5 times chondrite in the least evolved basalt to ~18 times chondrite in the andesite (Fig. 8) . Spikes in the multi-element patterns show that the IHS lavas are generally enriched in the LILE Pb, Rb, Ba, Th, K and Sr as compared with the LREE (Fig. 8) . The multi-element pattern of the andesite is also characterized by the presence of a relative depletion in Ti, and the lack of enrichment in Sr relative to the HREE (Fig. 8) . The more evolved basalts and the andesite have (Pb/Yb)cH ~1'4, indicating minor enrichment in Pb relative to the HREE (Fig. 8) .
The IDSa comprises basalts with higher incompatible element concentrations, ranging from ~30 to 70 times chondrite, than the IHS. In addition, the chondrite-normalized LREE patterns show negative slopes in which La is enriched relative to Sm, and LREE abundances and relative enrichments increase from the least evolved to the most evolved basalt [(La/Sm) CH from 1-97 to 319, respectively]. The IDSa basalts have flat HFSE and HREE patterns with slightly higher concentrations, -10-12 times chondrite, than those of the IHS (Fig. 8) . Although MgO wt% the majority of the LILE are relatively enriched compared with the IHS, they do not appear as spikes on the multi-element pattern because of the greater LREE abundances and enrichments in IDSa as compared with the IHS (Fig. 8) , and have higher Pb/Ce ratios (Table 2 ) comparable with average crustal values (0-25; Hofmann et al., 1986) . However, these lavas have Th (and Pb in BQJ9) spikes superimposed on their LREE enrichment (Fig.  8) . The IDSa lavas are all characterized by depletions in P and Ti relative to the LREE and HREE, respectively (Fig. 8) . These relative depletions increase from the least evolved to the most evolved members of the suite. The incompatible element concentrations are higher in the IDSb than they are in the IHS, but are lower than those of IDSa. The IDSb basalts also show multi-element enrichments which are intermediate between the IHS and IDSa (Fig. 8) and depletions which are similar to those of IDSa (Fig.  8) . The andesite lacks the Sr spike and has a much larger negative Ti anomaly than the basalts (Fig. 8) .
In summary, most of the major element concentrations and distributions are similar in the IHS and the IDSa. However, in the IDSb the total EFe2C>3 content is lower and decreases more rapidly than it does in the IHS or IDSa. In addition, in the IDSb the TiO 2 and AI2O3 contents decrease with decreasing MgO, whereas these elements show increasing trends in the other two suites. The Ni, Cr and Sc contents tend to be lower in the IDSa and IDSb as compared with the IHS, and the incompatible element contents, including K 2 O, become progressively higher from the IHS through the IDSb to the IDSa. In the IHS the relative enrichment of LILE is greater than that of the LREE as compared with the HREE. In IDSa the LILE and LREE both show approximately the same degree of enrichment relative to the HREE. IDSb samples have intermediate patterns.
Petrogenesis
The lavas are all characterized by abundant phenocrysts (>27%, Table 1) and the relatively broad trends shown by each suite on the chemical variation diagrams, for example the scatter in the AI2O3 in the IHS and IDSb (Fig. 6 ), probably result from withinsuite accumulation. However, the differences in the isotope systematics among the suites rule out the possibility that all of their chemical differences can be explained by accumulation. The increases in SiC>2, Na 2 O and P2O5, and the decrease in CaO contents, shown by each suite are qualitatively compatible with their evolution by fractional crystallization of olivine, clinopyroxene and plagioclase. The characteristic inflection in the trends occurring at ~3% MgO is indicative of the disappearance, or significant reduction, of olivine from the fractionating assemblage (Tables 1 and 2 ). The most obvious difference in the evolutionary trends of the lavas is the rapid depletion of AI2O3, TiC>2 an d XFc2O 3 in the IDSb. These trends suggest that plagioclase, magnetite and perhaps amphibole are more important in the evolution of the IDSb as compared with the IHS or IDSa (Table 1) .
The trace element distributions of the lavas are also qualitatively compatible with fractional crystallization of mixtures of their intratelluric minerals. For example, the rapid decrease of Ni and Cr with slowly increasing Zr, which occurs in each of the suites (Table  2) , is typical of fractional crystallization of olivine and clinopyroxene, and not of partial melting. In addition, the systematic increase in incompatible element contents from the less evolved to the more evolved members of each suite is consistent with their evolution by fractional crystallization. The Ti/V ratios in the IHS range from ~ 16 to ~28 but do not vary systematically with TiC>2 (Table 2 ). There are no Ti depletions relative to other HFSE and HREE on the chondrite-normalized multi-element plots (Fig. 8) of the IHS basalts. According to Shervals (1982) , such Ti-V distributions suggest that neither hornblende, which is absent from the mode, nor magnetite, which makes up < 1 % in the mode (Table 1) , is important in the fractional crystallization of the IHS basalts. However, there is a Ti trough in the multi-element pattern of the andesite from the suite (Fig. 8) and magnetite is more abundant (>2%) in its mode ( Table 1) . Thus the chemical and mineralogical data suggest that magnetite may have entered the fractionating assemblage. The Ti/V ratios are significantly higher in the IDS than in the IHS ( Table 2 ). All of the IDS samples show Ti troughs in their multi-element plots which increase in size with decreasing MgO content (Fig.  8) . The Ti/V ratios range from ~27 to ~97 in IDSa, and from ~ 22 to 64 in IDSb. These ratios do not vary systematically with TiO 2 content but tend to decrease with decreasing MgO (Table 2) . Very small magnetite crystals are included in many pyroxenes and plagioclase crystals in the IDSa and IDSb basalts, suggesting that magnetite played a role in their evolution and may explain the Ti troughs in their multi-element plots.
The IHS, IDSa and IDSb lavas all have relatively flat HREE patterns, and these elements, together with Y, increase in abundance with decreasing MgO. All of the basalts have Er/Yb ratios >1, but the andesites BQ.14 (IHS) and BQ.18 (IDSb) have Er/Yb ratios <1 (Table 4) . Amphibole is the only mineral phase capable of reducing Er relative to Yb during crystal fractionation and probably played a role in the evolution of both suites. The presence of amphibole phenocrysts in the IDSb andesite BQ20 (SiO2 ~59%) supports this conclusion. The absence of amphibole phenocrysts in BO_14 (IHS, SiO 2 56-l%) and BQ.18 (IDSb, SiO 2 ~61%) may be the result of pre-eruption dewatering of the magmas and subsequent resorption of the amphiboles. Thus the increase in SiO 2 during the evolution of IHS and IDSb may result from amphibole and magnetite fractionation. The conclusions which can be drawn from the major element variations in the IHS, IDSa and IDSb are consistent with the suggestion that they formed largely by fractional crystallization of similar mafic melts.
The major element variation (except K and P) of the Bequia lava suites was modelled mathematically (Table 5) , using a program based on that of Wright & Doherty (1970) constrained by the intratelluric mineral assemblages of the rocks. It was possible to model the chemical variation in the IHS and IDSb fairly well (low sums of the squares of the residuals Sr 2 ; Table 5 ). However, both of the models require plagioclase accumulation and the extraction of a phenocryst assemblage very different from that actually present in the rocks (compare Tables 1 and  5 ). Thus neither model is regarded as satisfactory. The model for the IDSa is also rejected because it has high Er and does not fit the data well. The difficulty in producing satisfactory models for the major element variation in the Bequia lava suites supports the contention that their petrogenesis involves complex crystallization processes, including accumulation and AFC, as implied by the zoning and melt channels present in the phenocrysts, the isotopic systematics, and the relatively broad trends of chemical variation.
The isotopic evidence suggests that the magmas from which the lavas formed were derived largely JOURNAL OF PETROLOGY VOLUME 37 NUMBER 1 FEBRUARY 1996 from a depleted mantle (MORB) source which had been modified by a subduction component (IHS), and that in some cases the melts had interacted with a crustal component (IDS). The importance of a MORB source is supported by the high 143 Nd/ 1++ Nd of IHS lavas, and their low Nb contents (<6 p.p.m.) and Zr/Nb ratios (16-8-36-5) . Differences in the concentrations and proportions of the incompatible trace elements support the suggestion that the petrogeneses of the IHS, IDSa and IDSb suites differ in detail.
The IHS and the IDS both show progressive increase in incompatible element concentrations and in LREE enrichment with decreasing MgO content (Fig. 8) . The lavas all have LILE spikes, and Nb troughs in their chondrite-normalized multi-element patterns. The high Ba/La and Sr/Nd, and low Nb/La ratios, as represented by the spikes and troughs in the spidergrams (Fig. 8) of the Bequia lavas, are typical of subduction-related volcanics (Sun, 1980; Perfit et al., 1980) . These spikes and troughs demonstrate that the LILE (Rb, Ba, Th, K, Sr), LREE (La, Ce, Nd, Sm) and HFSE (Zr, Nb) became decoupled during the petrogenesis of the lavas and that their distribution cannot be accounted for by crystal-melt equilibria processes alone (Thompson et al., 1983) . The trace element decoupling is commonly attributed to the addition of a hydrous subduction component to the mantle wedge, or its melts, during arc lava genesis. The effects of crustal contamination must also be considered. Pearce (1984) has suggested a simple graphical method, which is used below (Figs 9 and 10) to distinguish trace element enrichments owing to subduction components from those derived from enriched mantle reservoirs, and possibly those owing to crustal assimilation.
The lavas of the IHS and IDS are all enriched in LILE and LREE as compared with MORB but the pattern of enrichment is different in each suite (Figs 9 and 10). The percentages of each element given in these diagrams represent the amount of the element contributed to the bulk composition of the lavas by enrichment processes. The patterns of enrichment shown by the IDSa (BQ2 and BQJ9) and the IDSb (BQ6) lavas are essentially the same, and are significantly different from those shown by the IHS (Fig. 9) . The least evolved basalt in the IHS (BQ5, 7-9% MgO) shows minor enrichment in Ce and then progressively greater enrichments in Pb (Fig. 8) , Sr, K, Rb, Th and Ba (Fig. 9) . The least evolved basalt in the IDS (BQ2, 71% MgO) has higher concentrations of the LILE and LREE than the BQ5, and shows progressively increasing enrichments in Ce, Sr, K, Ba, Rb, Pb (Fig. 8) and Th. Direct comparison of the patterns (Fig. 10) shows that the IDS is more enriched in Ce (LREE), K, Rb, Pb (Fig. 8) and Th than the IHS. In the IHS there is no systematic correlation between the trace element enrichment and isotopic variation. Fig. 9 ). The lack of correlation between trace element enrichment and isotopic variation in the IHS, and the good correlation between these two characteristics in the IDS, implies that two separate enrichment processes are involved in the petrogenesis of the Bequia lavas. The 5 O values of the IHS show that its petrogenesis was dominated by mantle processes. Thus trace element enrichment is ascribed to the addition of a subduction component to the depleted mantle wedge, producing minor increases in Ce (LREE) and Pb and progressively larger increases of Sr, K, Rb, Th and Ba (Fig. 9) in the IHS lavas. The isotopic data also suggest that IDS was formed by assimilation of progressively increasing amounts of crustal material by IHS-type melts. The correlation of the isotopic and trace element data shows that the crustal contamination leads to the addition of progressively increasing amounts of Ce (LREE), K, Rb, Pb and Th (Fig. 9) . Thus the trace element data support the interpretation of the isotopic data that the genesis of the Bequia lavas involves the depleted mantle, a subduction component and a crustal component.
DISCUSSION
The components which may contribute to the final composition of island arc volcanics, including those of the Lesser Antillean arc, are depleted (MORB) or enriched (OIB) mantle, subducted oceanic crust including sediment and dehydration fluids or melt, and intracrustal sediment (Thirlwall & Graham, 1984; Davidson, 1986; White & Dupre, 1986; Ben Othman et al., 1989) . Many aspects of the petrogenesis of volcanic arc lavas are poorly understood, including the nature of the mantle wedge above subduction zones, the nature, composition and magnitude of the subduction zone components, and the flux ratio of mantle-derived mass to recycled crust (Hawkesworth et al., 1993) .
It has been shown that the genesis of the Bequia lavas involves depleted mantle, a subduction component and a crustal component. framework, the data presented above may be utilized to improve our understanding of some of the problems relating to island arc lavas. Below, we attempt to use the differences between the isotopic compositions and trace element patterns of MORB and the IHS basalts to place some constraints on the composition, nature and amount of the subduction component, as well as the process by which it was added to the lavas. In addition, the differences between the isotopic compositions and trace element patterns of the IHS and the IDS are used in an effort to place some constraints on the amount, nature and composition of the crustal component as well as the process by which it was added. 
The subduction component
The subduction component involved in the petrogenesis of the Bequia lavas is enriched in several of the LILE, and shows minor enrichment in the LREE and Pb. It has been suggested that subduction components are (siliceous) hydrous fluids or hydrous anatectic melts, formed during the dehydration of the downgoing slab (Gill, 1981; Hole tt al., 1984; Tatsumi tt al., 1986; Morris, 1989; Bebout, 1991; McDonough, 1991) , or bulk sediment (White & Dupre, 1986) , and may comprise a mixture of more than one component (Hawkesworth et al., 1993) . The pattern of LILE and LREE enrichment, as compared with depleted mantle, estimated for the subducted sediments based on data from DSDP Hole 543 (enrichment factors Sr 6x, Nd 30x, Ba 40x, Ce 60x, K 60x, Pb and Th 150x MORB; White & Dupre, 1986 ) is different from that produced by the subduction component in the Bequia lavas (Fig. 9) . This precludes the possibility that bulk mixing between sediment and the mantle accounts for all of the subduction modification [see also Davidson (1987) ].
The IHS lavas have higher Sr, Pb and Nd contents and the Sr/Nd ratios (2-3x, 2-6x, l-2x and 1-5-2X, respectively) than MORB ( White, 1985; Ben Othman et al., 1989; Hawkesworth et al., 1993) , to account for the isotopic and trace element variation of the IHS lavas.
All of the lavas are characterized by negative Ce anomalies on chondrite-normalized diagrams (Ce/ Ce* in the IHS 0-80-0-92, in the IDSa 0-79-0-94, in the IDSb 0-82-0-95), which are a characteristic feature of deep ocean water (Goldberg et al., 1963) . Their presence in the lavas suggests that the anomalies result from the addition of the subduction component to the mantle. The mafic crust in subducting slabs has been altered by interaction with seawater, and the overlying sediments also contain significant quantities of seawater. We suggest that the subduction component is largely made up of a fluid derived from the original seawater which was released by dehydration of subducted mafic crust and sediments under oxidizing conditions. Under these conditions, tetravalent Ce will be preferentially included in the slab minerals, thus accentuating the original Ce anomaly. The distribution of LILE and LREE between hydrous fluids and the subducting slab cannot be estimated because of the lack of experimentally determined partition coefficients, but the fluids are expected to contain higher concentrations of soluble LILE (Ba, Sr) and lower concentrations of the less soluble LREE (Ce) (Weaver, 1991) . Bebout (1991) noted that 'Petrologic relations and trace element and isotopic systematic* in arc volcanic rocks suggest that water-rich fluids flux partial melting in the source regions of arc magmatism (depths of 80 to 150 km) and contribute slab-derived chemical components to such regions (radiogenic isotopic signatures of Pb, Sr, and Be and trace elements)' but did not discuss the source of the fluids. Fluids formed by dehydration of altered MORB crust are estimated to have 240 p.p.m. Rb, 110 p.p.m. Sr and 520 p.p.m. Ba, extremely low contents of REE (Hole et al., 1984;  Table 3 ). This suggests that an additional contribution must be made to the subduction component.
Studies of the 10 Be and B distributions in modern arc volcanics suggest that aqueous fluids (or possibly melts) of constant composition, probably derived from sediments with or without the altered oceanic crust, are released during dehydration of the slab. These rise into the mantle wedge, causing metasomatism and possibly melting (Morris et al., 1990) . The involvement of sediments in the petrogenesis of the volcanic arc lavas of the Lesser Antilles is also indicated by the fact that the (Ba/La)jy-ratios of the lavas and hemipelagic sediments (0-83) are characteristically lower than those of other oceanic arcs (Ben Othman et al., 1989) . The dominantly hemipelagic sediments which occur in front of the Lesser Antillean arc have other trace element and isotopic characteristics which provide further support for this contention. Like Pacific pelagic sediments (Hole et al., 1984) , they have relatively high LILE and LREE contents and low HREE and HFSE contents as compared with those of altered oceanic crust as well as high 87 (0-51200-0-51215) ratios (White & Dupre, 1986; Ben Othman et al., 1989) . Fluids or melts derived from these sediments would contain the necessary elements and isotopes to modify the mantle source from which the IHS is derived. The lavas of the IHS have high Pb/Ce ratios relative to MORB, which also imply that sediments played a role in the lava petrogenesis (Hole et al., 1984; Ben Othman et al., 1989) . The (La/Sm)^ ratios of the IHS are higher for any given Zr/Nb ratio than those of oceanic basalts, suggesting that some of the LREE were supplied by the subduction component. We conclude that at least some of the LREE budget of the Bequia lavas contributed by the subduction component is derived from the sediments [see also Gill (1981) , Hole et al. (1984) , Davidson (1986) , White & Dupre (1986) and Ben Othman et al. (1989) ]. The relatively high radiogenic Pb isotopic ratios and their trends in the lavas also support the contention that Pb from the sediments is present in the subduction component [see also Bebout (1991) ].
The physical conditions present during dehydration of the slab (<700°C and <20 kbar) should cause the sediments, but not the mafic part of the T. E. SMITH et al. GEOCHEMISTRY OF ARC LAVAS, LESSER ANTILLES subducting slab (Peacock, 1990; McGulloch, 1993) , to partially melt (minimum water-saturated melting >600°C and -15 kbar; Wyllie etal., 1976) . Some of the resultant hydrous siliceous melts may become entrained in the convecting mantle wedge, because of their high viscosity, and may be carried down to -150 km, at which depth the hydrated mantle undergoes pressure-controlled dehydration (Tatsumi, 1989) . The limited range of isotopic ratios shown by the lavas of the IHS (Table 3) suggests that the effects of the addition of the subduction component to the mantle are relatively homogeneous. This can be explained if the siliceous melts are incorporated into much larger volumes of mafic melt generated as dehydration volatiles, released at this depth, flux the mantle.
The addition of fluids and melts derived from subducted sediments and mafic crust is adequate to account for the high LILE and moderate LREE contents, the high Ba/La, Sr/Nd, Pb/Ce and La/Nb, and elevated radiogenic Sr and Pb ratios of the IHS lavas. We conclude that the IHS was derived from a depleted mantle source modified by bulk mixing with a subduction component derived from the downgoing slab.
The petrogenetic evolution of the IHS suggested above was modelled using various percentages of mantle and subduction components, and various crust and mantle isotopic and elemental ratios. The models were constrained by compositions of depleted mantle (Davidson, 1986; White & Dupre, 1986 ) and subduction components comprising dehydration fluids (O'Nions et al., 1978; Bebout, 1991) , and locally subducting sediments (White & Dupre, 1986) (Table 6 ). The majority of the 206 Pb/ 20+ Pb ratios of the sediments are lower than those of the IHS lavas and could not satisfy the mixing requirements. The negligible difference in d O values between the mantle and the IHS lavas strongly implies that this value must be relatively low in the subduction component. For example, a 2% addition of a subduction component with 5 8 O = 15 yields a value of ~5-9 for the modified mantle, which is higher than the values measured in the IHS. The isotopic ratios used for the sediment were in the range 0-709-0-7170 for 87 O values ranged from 15, taken from fluids generated during the subduction of the Catalina Schist (Bebout, 1991) 18 O values of the IHS lavas show that they were dominantly derived from depleted mantle. The composition of depleted mantle is moderately well known; thus a wide range of possible subduction component compositions were tested. Calculations using the isotopic constraints described above suggest that the IHS could be formed by partial melting of depleted mantle which has been modified by the addition of a small percentage (1-4%) of a subduction component, containing low concentrations of Sr (50-200 p.p.m.), Nd (2-10 p.p.m.) and Pb (3-5 p.p.m.), and having an Sr/Nd ratio higher than those of the subducting sediments (Table 6 ).
The 87 Sr/ 86 Sr ratio of 0-709 was selected for the preferred model, from the matrix of calculations, because the negative Ce anomalies (Ce/Ce* 0-80-0-92) in the chondrite-normalized trace element patterns of the IHS lavas (Fig. 8) O required for this model may be the result of subduction zone metamorphism or may indicate that part of the oxygen, like the Sr, was derived from the mafic crust. The model is also characterized by internally consistent trace elemental ratios, is in accord with the major element changes in the suite, and is petrogenetically reasonable.
The crustal component
The IDS lavas were formed from IHS-type melts which assimilated progressively increasing amounts of (possibly) Precambrian crustal material. The phenocryst assemblages of the IDS imply that the AFC occurred at depths of <10 km. The Orinoco river has been delivering sediments from the Guyana Shield to this area in the southern Lesser Antilles continuously since the Cretaceous, and it is possible that the volume delivered in the past was greater than at present (White & Dupre, 1986) . The crust beneath Bequia is relatively thick (~20 km; Speed & Walker, 1991) , and Bouysse (1988) has recently presented some evidence that the southern part of the Lesser Antillean arc may be underlain by Mesozoic crust. Thus abundant fine-grained sediments derived from the Guyana Shield may occur, in the arc crust beneath Bequia, at an appropriate depth to take part in the AFC process.
Precambrian gneisses from the Guyana Highlands have highly radiogenic Pb with average reported 206 Pb/ 204 Pb ratios of ~20-5 (Montgomery, 1979) . Fine-grained sediments derived from these gneisses would have similar Pb isotopic ratios and the assimilation of such sediments by IHS-type melts would give rise to the high Pb isotopic ratios which are characteristic of the IDS lavas (Table 3) . No estimates of the average chemical composition of the fine-grained sediments derived from the Guyana Shield are available. However, the compositions of Post-Archaean shales from several major shields have been estimated (Taylor & McClennan, 1985) and all are characterized by high K 2 O, LREE, Pb, Rb and -Th, and relatively low EFe 2 O 3 , MgO, Ni and Cr. The chemical compositions of fine-grained sediments derived from the Guyana Shield are likely to be similar to those of the uniform shales representative of other major shields; AFC involving such shales would cause enrichment of IHS melts in K 2 O, LREE, Pb, Rb and Th, and depletion in Ni and Cr, a pattern which is similar to that seen in the IDS lavas (Table 2 , Fig. 10 ).
The variations in radiogenic isotopic ratios and trace element contents in the IDS were modelled using equations derived for assimilation-fractional crystallization by DePaolo (1981a) . The variation in <5' O was modelled using the method outlined by . All models were constrained by the isotopic ratios and trace element contents of the IHS as one of the components involved in the AFC. (Faure, 1986 Table 7 for full details). The 143 Nd/ 1+4 Nd ratio which is chosen for the preferred model is lower than the value typical of the sediments from DSDP Hole 543 (0-5121; White & Dupre, 1986) . This implies that the older hemipelagic sediments, deeper in the section, contain a greater proportion of terrestrially derived material than the younger analysed sediments [see also White & Dupre (1986) in their evolution. In the first stage, the Sr and Nd contents and 87 Sr/ 86 Sr ratios increase, and l43 Nd/ 144 Nd ratios decrease, during 10-18% assimilation-fractional crystallization. This is followed by increases in Sr and Nd contents at constant isotopic ratios (Fig. 11) which may be representative of either closed system fractional crystallization or AFC in which there is no isotopic contrast between the melt and the assimilant.
All of the lavas are very similar petrographically, in their phenocryst assemblages and compositional zoning, and in their major element geochemistry. Thus they appear to have undergone very similar petrogenetic processes, and we favour the view that they tend to develop in long-lived magma chambers in the sub-arc crust. Hildreth & Moorbath (1988) suggested that closed system fractional crystallization of basaltic magmas in the crust is probably very rare, and that AFC is the dominant process. Where there is no isotopic evidence of assimilation, those workers suggested that newly emplaced melts have probably interacted with isotopically similar rocks previously crystallized on the magma chamber walls. DePaolo et al. (1992) have pointed out that the amount of assimilation is governed by the ambient temperature of the crust and the rate of supply of magma. Where the crustal temperature is high there is greater crustal assimilation, and when the magma supply is high the crustal contribution is diluted. The Bequia lavas require progressively increasing amounts of crustal assimilation to explain the isotopic ratios of the IHS, IDSb, and IDSa. The differences in the evolution of the IHS (no crustal assimilation), the IDSb (minor crustal assimilation followed by apparent closed system fractionation) and the IDSa (abundant crustal assimilation) are best explained if variation in the magma supply, variation in the ambient crustal temperature and large quantities of crystals coating the magma chamber walls during assimilation all affected the Pliocene magma chambers which were present beneath Bequia.
CONCLUSIONS
Two suites of lavas and dykes can be identified on the island of Bequia, each comprising dominantly basalts with a few andesites. The incompatible element contents and isotopic ratios of the IHS suggest that it was derived from a depleted mantle source which was contaminated by hydrous fluids and minor siliceous melts formed during the dehydration of subducted sediments and mafic crust. The IDS lavas formed from melts similar in chemical and isotopic composition to those of the IHS which interacted with crustal sediments, probably largely derived from the Precambrian Guyana Shield, by assimilation-fractional crystallization.
